An instrumentation technique is developed using embedded capacitive sensors to measure the thickness and evenness of coverage of a thin layer of dielectric thermal interface material (TIM) between two substrates. The technique requires an array of sensors embedded into one substrate, with an electrically conductive opposing substrate. Local capacitance measurements are sensitive to both local bond layer thickness and local voiding. We propose a means for using an array of capacitance measurements to interpret both bond layer thickness and local voiding at every sensor location. An algorithm is developed which reveals both characteristics from a single set of capacitance measurements. Experiments are conducted with thermal grease layers of different bond layer thicknesses and void distributions using a prototype system constructed on printed circuit boards. The thickness and void distribution are successfully mapped across the bond layer using the algorithm developed. The technique offers a sensing approach for in situ instrumentation of layers of thermal grease in a thermal test vehicle.
Introduction

Background
Thermal interface materials (TIMs) are an essential component in modern electronics packaging architectures. Thermal management of heat-producing electronic devices requires efficient heat transport through solid-solid interfaces. This typically necessitates placement of a high-conductivity, compliant medium at the interface to compensate for the deleterious effects of surface roughness and non-planarity of the mating substrates [1] . Significant commercial effort has been targeted at the development of new TIMs for improving bulk conductivity, wettability/adhesion, and long-term reliability. A TIM bond layer exhibiting poor bond-layer coverage may lead to failure of the electronics due to overheating. In their recent review of TIM reliability, Due and Robinson [2] observed that critical long-term reliability performance data on TIMs is not generally available. In the research community, it has proven difficult to gather end-of-life performance results in a consistent manner from diverse research groups [3] .
Predicting TIM performance over the application lifetime based on projections from accelerated fatigue tests is also challenging [3, 4] . Many techniques, such as C-Mode Scanning Acoustic Microscopy (CSAM) [5, 6] , radiography [7] , infrared microscopy [7] , scanning electron microscopy [8] , and transient thermal tomography [9] , have been employed in an effort to characterize the physical integrity of TIM bond layers while under stress, or after being stressed.
In industry, practical considerations often preclude physical defects from being characterized directly; instead, thermal performance is characterized as a proxy. The bulk conductivity of TIMs may be ascertained through an ASTM D5470 standard test [10] . However, thermal test vehicles (TTVs) are critical for long-term reliability characterization for electronics applications. A TTV may be constructed to mimic critical aspects of the intended service condition [2, 3] and generally includes confining substrates, a heating element, a TIM layer, and temperature measurement instrumentation. Power cycling may be conducted within a TTV and approximate values for overall thermal resistance obtained over the course of the test. While such thermal test vehicles may provide a means for accurately producing the desired thermomechanical stresses, it is very difficult to monitor the evolution of bond layer thickness and 3 bond layer coverage during the tests. Bond layer thickness may change globally over the footprint of the TIM, and/or suffer from more localized variations, as thermomechanical strain influences the mating substrates characterized by differing coefficients of thermal expansion (CTE). Bond layer coverage degrades as the TIM loses contact with the mating substrates during power cycling. In TIMs made from greases, thermomechanical action may cause material to exit the joint, resulting in voiding near the perimeter of the bond layer, in a process that is referred to as pump-out. In a standard TTV, which lacks means for in situ visualization of these phenomena, physical changes in the TIM cannot be characterized or interpreted in tandem with the thermal performance.
Capacitive sensor concept
Impedance sensors have been used in a wide variety of applications for observing liquid-gas phase fractions in microscale flows [11, 12] , free surfaces [13] , and flows between parallel surfaces [14] .
In the last of these examples, an orthogonal mesh consisting of embedded rakes of electrodes on both substrates was used in order to produce a grid of crossing points across the mating area. The efficacy of such an approach has been demonstrated for the detection of dielectric anomalies in a 25 μm interfacial gap [15] . While the orthogonal mesh concept cannot be readily implemented in a TTV, an alternative concept is proposed which is more conducive to this implementation. As illustrated in Figure 1 , a bed of capacitive sensors is manufactured onto one of the substrates. A matrix of electrical pads resides on the outer surface of the die in a TTV, and is connected to external controls which allow for independent actuation of each pad with a sender signal. The (typically electrically conductive) heat sink or heat spreader mounted on top of the die is used to capture the receiving signal. Thus, the capacitance across the bond layer between any given sensor pad and the opposing wall can be measured. The array of capacitance sensors may be used to monitor the bond layer with good spatial resolution during the course of long-term reliability testing. Capacitance measurements in this arrangement are sensitive to both the bond layer thickness H, and voiding within the TIM layer. Capacitance will decrease with either increasing H or increasing void content. The combined effects of the two physical phenomena render it impossible to separately establish the thickness or the extent of voiding from a single capacitance measurement. However, we propose that when an array of M capacitance measurements is obtained and analyzed collectively, information regarding bond layer size and distribution of void content may be accurately distinguished. In order to achieve this, an appropriate distinguishing algorithm must be developed to reconstruct maps of both characteristics using the single set of measurements, as outlined in Figure 2 In this work, a prototype system manufactured on printed circuit board (PCB) substrates is used for demonstration. A an algorithm that distinguishes between voiding and thickness in bond layer variations proposed and its use demonstrated with experimental data. Measurements of both bond layer thickness and TIM coverage are demonstrated using the capacitive concept. Finally, the algorithm is used to experimentally acquire maps of evolving bond layer thickness and TIM coverage over the course of mechanical loading in a voided grease layer.
Experimental Methods
The prototype experimental system is manufactured on PCB substrates. Copper electrode pads are fabricated on the bottom substrate, which is shown in Figure 3a . The bottom substrate is a large 6-layer board; multiplexer contacts are exposed on the underside and the 9 by 9 array of 1.5 mm by 1.5 mm copper pads are exposed on the upper side (Figure 3b ). Electrode pads around the border of the array are permanently grounded, such that only the internal 7 by 7 array of 49 pads serve as active electrodes. A standard dielectric coating material applied to the entire surface fills the spaces between coplanar electrodes, and is then ground down to expose the electrode pads as flush-mounted surfaces. Nylon alignment pins mounted normal to the surface mate with holes in the top substrate. The top substrate is a second printed circuit board containing a single large electrode pad (Figure 3c ), which mounts to the bottom substrate using spring-loaded screws fastened directly into tapped holes in the bottom substrate. 6 Shim spacers ranging in thickness from 51 μm to 191 μm are introduced between the substrates to obtain known bond layer thicknesses for calibration. Capacitance is measured using the charge transfer method, where the sender electrode is driven with an excitation signal and inductive current is measured at the receiving electrode. Other electrodes are held at virtual ground. A commercially available chip (AD7746) is used to perform the measurements at an excitation frequency of 32 kHz [16] . The excitation signal is demultiplexed with standard analog integrated circuits (soldered onto the underside of the PCB) to allow for 6-switch digital control over the route of the signal. The top electrode serves as the receiver electrode. Capacitance is obtained as the mean of approximately 15 readings for each measurement. Measurement noise is approximately ±2 fF.
The thermal grease used for testing is Tgrease 2500, with a reported dielectric constant of εg = 5.7 [17] . 7 
Modeling Approach
System behavior model
When implemented in a thermal test vehicle, the electrode size s will likely be comparatively larger than bond layer thickness, H. In the prototype system, s = 1500 μm. Because of this large ratio, TIM coverage over individual electrodes may be approximated as two-dimensional. Therefore, capacitance at that electrode is a linear sum of capacitance across the TIM region and the voided region.
Thus, at a given electrode m, with bond layer thickness Hm, the capacitance is expected to be proportional to the local void fraction χ m . Another result of the large dimensional ratio of the system is that electrode pads behave similarly to a parallel-plate capacitor. Specifically, the capacitance between a given electrode pad and the opposing substrate is inversely proportional to the separation distance, or bond layer thickness H. In light of these considerations, the capacitance obtained from an given electrode pad m may be modeled using the relationship,
(1 ) 
(1 )
where η = H/Href, κ 1 = K1/J1, κ 2 = K2/J2, and κ 3 = J2Href /J1.
The solution algorithm should solve for the values of η and χ in order to satisfy Equation 2.
Because 2M variables are desired with only M constraints, other expected characteristics of the system must be considered to arrive at an accurate solution. In the solution proposed in this work, the problem is 
3. Variations between χ values are generally manifest as local effects with no particular global gradient or pattern.
For this work, the function f is chosen to be a five-coefficient quadratic function, defined by coefficient vector a as 
Solution algorithm
The algorithm proposed here consists of three sequential processes, as described in the following sections. 
If the difference between the calculated value of ηm and the curve-fit value is greater than the bond thickness uncertainty uη,
then measurement c is categorized as a location with void content.
Iterations of the algorithm are carried out by using all locations currently considered non-voided to calculate η, while the function fa (x,y) is evaluated for locations that have been identified as containing void content: 
The overall optimization objective B may be written
Expressions for ∂B/∂χ m and ∂B/∂ai may be obtained and used to formulate B ∇ for the optimization routine. A clipped Landweber method is suggested, where a variable step size α is used as the routine progresses,
Values for χ are kept within physical bounds by clipping at each step:
In this work, Pχ is found empirically for each individual test case as the value which results in the same total void content prediction as that previously given by Part 1 of the algorithm. The result is reallocation of void content away from locations where measurements may be matched instead with an improved curve-fit f (x,y) toward locations with more significant values of void content.
Part 3: Void content thresholding
After application of the iterative fitting and conditioning the result with a penalty function, thresholding is applied. Thresholding is applied to the void fraction map at an uncertainty level for void fraction uχ as
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After thresholding, coefficients a are refitted using only electrodes for which χ = 0. All values of η are then solved with the curve-fit ηm = fa (xm,ym), and then void fraction values which were above the threshold are solved using Equation 2. The thresholding process is iterated, and is observed in this work to converge to within a tolerance of 0.001 on χ values in merely 2-3 iterations. By thresholding, false positives for void content are eliminated, and slight improvements in the map of η values are obtained.
Experimental Demonstration
The prototype system discussed in Section 1 is used to experimentally demonstrate the capability of the proposed system. Three calibration thicknesses are used, with H = 51, 102, and 191 μm. At each value of H, measurements are taken with all 49 electrodes for a completely voided condition (χ = 1). The substrates are disassembled and the process is repeated three times to assess the repeatability of the measurements. A similar calibration process is used for the case with a non-voided grease bond layer (χ = 0). A shim template is used to manually dispense a layer of grease approximately 50% thicker than the intended bond layer onto the top substrate, which is then assembled onto the bottom substrate using a spacer to produce the correct bond layer thickness. Calibration curves are obtained using the data as 
1, , 0 2. Figure 4 illustrates the calibration curves obtained for the first electrode in the array (m = 1) with curves referenced to J2,1. It is noted that sensitivity to H increases dramatically as H → 0, with the practical consequence that theoretically achievable resolution in H improves with respect to measurement noise.
However, in the prototype system, the uncertainty due to repeatability associated with reassembly prevents accurate calibration for bond layers thinner than 50 μm. Repeatability in terms of bond layer 12 thickness when using the shim spacers is approximately constant at ±10 μm at all three calibration points.
When producing calibration curves, points at larger values of H are weighted more heavily in order to account for the significant differences in uncertainty magnitude in terms of capacitance. The reference value used for bond layer thickness is Href = 100 μm. Measurement of a changing, nonuniform bond layer thickness is demonstrated in Figure 5 .
Spatial locations across the bond layer are described using the cardinal directions illustrated by the compass icon in Figure 5a . In this test, a grease layer of 254 μm is dispensed onto the top substrate and the substrates are assembled without a spacer. The spring-loaded screws at the four corners are tightened to induce increasingly asymmetric mechanical loads on the grease, changing the layer thickness. The solution algorithm is used to obtain maps of bond layer thickness η, which are shown with diagrams of the forces induced at the substrate corners. The force of each spring is calculated using the known compression and spring constant.
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Figure 5. Experimental case with increasing load in the northwest and northeast locations. Grayscale range is from white at η = 2 to black at η = 0, with Href = 100 μm.
14 Because the substrates are assembled without a spacer, the initial state (Figure 5a ) of the substrate is slightly tilted. Thus, the bond layer begins with nonuniform thickness of H = 207 μm at the southwest corner and H = 161 μm at the northeast corner in Figure 5a . The bond layer proceeds to reduce in thickness at the north side, and increase at the southeast corner, as force is applied at the northern corners.
The final measured bond layer thickness is 197-211 μm along the south edge and 77-79 μm along the north edge (Figure 5e ). Voids are created by removing some grease after dispensing onto the top substrate (Figure 6a ). From the optical image, an image of the grease voids is obtained by contrast thresholding (Figure 6b ). When the substrates are assembled and pressure is applied, voids in the grease remain. The void fraction value map obtained from application of the algorithm to the experimental capacitance measurements is shown in Figure 6c for comparison. It is noted that the shape and size of the void structures is affected by the assembly process. However, it is clearly observed that the void structures are captured and distinguished by the measurements. This experiment was performed using a 76 μm spacer. The solution algorithm identified the bond layer thickness of this case as 85-92 μm throughout the layer (not shown). The discrepancy is attributed primarily to the physical uncertainties in the prototype experimental system as opposed to inaccuracy of the algorithm. With this demonstration, both bond layer thickness and void content have been successfully characterized using the algorithm. It is noted that in previous work, 15 grayscale void fraction maps such as Figure 6c have been used to generate a pseudo-high-resolution binary image of the estimated void shape, [18] .
A demonstration of bond layer thickness and void content evolution is presented in Figure 7 . In this test, a dispensed grease layer of 254 μm is applied to the substrate and two voids are created, labeled Void A and Void B (Figure 7a ). Increasing pressure is applied to the north side of the system, with measurements obtained after different applied pressure increments. The algorithm is used to reconstruct maps of bond layer thickness and void fractions for each measurement set. The first void fraction map (Figure 7b ) illustrates the two voids clearly. In addition, this map includes a measurable void fraction value for a sensor on the north side, which may be due to a flaw in the dispensed layer or a void formed during assembly. As pressure is increased, grease flows toward the perimeter, eliminating Void B and the small void on the north side ( Figure 7c ). As pressure increases on the northern side of the system, flow is induced in the grease, carrying Void A along until it is near the south edge of the sensing area (Figure 7d-g ). The system delivers data in stages, including the thickness distribution of the bond layer and the spatial distribution of void regions. After the test, the substrates are separated to reveal Void A visibly observable at the south side of the bond area (Figure 7h ), as indicated by the final measurement ( Figure   7g ).
The experimental results from the prototype system provide proof-of-concept confirmation that both bond layer thickness and bond line coverage of a dielectric TIM may be distinguished through an array of capacitance measurements. When the capacitive sensor system is implemented on a silicon wafer in practice, a denser array of smaller electrodes may be used. In conjunction with a high-precision calibration process, dramatic improvements in resolution are possible.
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16 Figure 7 . Experimental results for initially voided grease layer with increasingly non-uniform pressure (red outline indicates top electrode). Grayscale range is from white at η = 2 to black at η = 0, and white at χ = 0 to black at χ = 0.5, with Href = 100 μm.
Conclusion
The embedded capacitance sensing method demonstrated provides a viable means for characterizing a thin dielectric layer, such as a thermal grease, to detect the spatial distribution of thickness and voiding. The solution algorithm proposed successfully reproduces both bond layer thickness distribution and bond layer coverage from a single set of capacitance measurements. Because measurements may be obtained in situ, the technique is ideal for instrumentation of temporally evolving systems. If implemented in a thermal test vehicle, overall substrate warpage and loss of bond layer coverage due to pump-out would be obtained directly, adding valuable insight into the relationships between thermal resistance, thermomechanical stress, and physical bond layer integrity.
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